Abstract: Sunflower stalks could be an alternative raw material for use in the particleboard industry since the requirements of P1 general purpose boards for use in dry conditions and P2 boards for interior fitment for use in dry conditions are easily satisfied. Acetylation of sunflower stalks is found to greatly improve the thickness swelling (TS) value, with acetylated boards showing 19.7% weight gain, meeting the TS requirements of P3 Non-Load-Bearing-Humid and P4 Load Bearing-Dry criteria; however, acetylation adversely affects the internal bond strength (IBS). It is suggested that combinations of industrial wood chips with sunflower raw material may be used for the overall improvement performance of the particleboards.
Introduction
Worldwide economic development has caused increased needs for converted wood products [1] [2] [3] [4] [5] [6] . A big challenge in the composites industry is the availability of cheaper materials in order to minimize the production cost. The implementation of agricultural residues as an option is growing and has come to the minds of many researchers in laboratories worldwide [7] [8] [9] [10] [11] . The use of such materials may benefit both socioeconomic and environmental development since they are normally burnt in the field or ploughed into the soil.
Therefore, looking for potential replacements for slow-growing trees is of great importance, and available agricultural plants might be good alternatives [12, 13] . A variety of plants have been studied for use in composites manufacturing, including vine stalks [14] , topinambour stalks [12, 15] , cotton stalks [16, 17] , coconut chips [18] , bamboo chips [19] [20] [21] , flax chips [22] , and banana chips [23] . Other agriculture residues also include rice and wheat straw [24, 25] , canola straws [26] , reed stem [27] , date palms [28] , oil palms and poppy husks [29] , and stalks from cotton [30] .
Sunflower (Helianthus annuus L.), from the Asteraceae family, is another annual plant. It is an annual forb which is grown as a crop for its edible oil and edible fruits. Sunflower grows in biomass at 4 t/ha and is widely cultivated all over the world [31] . The harvested area in Europe is 368 × 10 6 ha, which represents the 16% of the harvested area worldwide [13] .
Several research studies have been performed so far focusing on the utilization of sunflower stalks in particleboard manufacturing. Panels from sunflower stalks were successfully produced for the first time at the University of Minnesota [32, 33] . Another study used sunflower stalks to reduce the cost of the final product [34] . Other researchers attempted to use sunflower stalks in combination with pine particles. They reported improved physico-mechanical properties; in addition, the boards met the requirements for general-grade particleboards [35] . The same conclusion was drawn in a study which used sunflower stalks in combination with poplar chips [36] . Other researchers suggested that sunflower stalk may be incorporated as a cheap raw material to produce particleboard with acceptable properties [37] . The feasibility of agricultural crop residues, such as cup plant, topinambour, and sunflower, used as an alternative raw material for particleboards was investigated [15] . The findings revealed that particleboards can be successfully produced from agricultural residues, especially when isocyanate is used as a binder. In all the abovementioned studies, particleboard composites met the British P2 general use and P3 interior fitment board criteria, as far as the thickness swelling value is concerned. However, the P4 load-bearing panel, which requires a thickness swelling value of 14%, has not been satisfied. A value of 16%, close to the critical 14%, was reported when 8% of titanium dioxide nanoparticles was incorporated during board production [37] . Therefore, reaching this value can be considered a challenge and may be achieved by applying the chemical modification technique [38] .
As a consequence, the objective of this communication was to investigate the technical feasibility of manufacturing particleboards from chemically modified sunflower stalks. The most studied type of chemical modification is the reaction with acetic anhydride, known as acetylation, which is depicted in Figure 1a [38] and schematically illustrated in Figure 1b . Acetic anhydride replaces the abundant hydrophilic hydroxyl groups which are present in the lignocellulosic material with hydrophobic acetyl groups. Thus, the material remains permanently in a swollen condition due to the bulking action of the hydrophobic acetyl groups. 
Materials and Methods

Raw Material
Sunflower furnish from stalks, supplied by Artvin Coruh Univesitesi, Turkey, was used in the present study. The furnish was first screened through a 3 mm aperture mesh to remove oversized particles, then through a 1 mm aperture mesh to remove undersized particles, and used as supplied ( Figure 2 ). The particles were dried at 105 • C to 3% moisture content. Boards were manufactured from particles dried to this moisture content. Particles which were to be acetylated underwent a further 12 h drying in an oven to achieve a bone-dry condition. 
Acetylation
Particles were vacuum impregnated overnight with acetic anhydride and then reacted in a reaction vessel at 120 • C for 30 and 60 min time periods. At the end of the reaction, the vessel was removed from the oil bath and the still-hot reaction solution was decanted off. Ice-cold acetone was then added to quench the reaction. The particles were left to stand in acetone for an hour and prior to board manufacture, were dried overnight at 105 • C. Weight gains of 13.6% (Acetylated 1) and 19.7% (Acetylated 2) were achieved after 30 and 60 min reactions, respectively. Weight gain was based on the oven-dry weight of the raw material.
Board Manufacture
A PMDI (polymeric methylene diphenyl diisocyanate) isocyanate resin (type 1042, 100% solid, purchased from ICI Resins (Imperial Chemical Industries, London, UK)), 4% as a percentage of the oven-dry weight of the raw material, was applied to the furnish for board manufacture. Mattresses (50 × 50 cm) were hot pressed at 200 • C for 5 min. An extended reaction time was chosen to ensure heat transfer to the acetylated raw material. The target board density and target board thickness were 0.65 g·cm −3 and 12.5 mm, respectively. Three replicates were made for each board type (Figure 2 ). After manufacture, the boards were lightly sanded to remove loose fibres and conditioned at 20 • C and 65% relative humidity (RH). Values for internal bond strength (IBS) and thickness swelling (TS) after 24 h water immersion were then determined according to procedures defined in European Union standards EN 319 and EN 317. Humidity tests were performed for a total of three cycles of 30% to 90% RH.
Board Testing
Water Soak Test
The thickness swelling and water absorption tests after immersion in water were carried out according to EN 317. Pre-weighed and measured oven-dried specimens (four from each board) were immersed in water for 24 h (or 1 week) at 20 • C. After each soaking, the specimens were wiped of excess water, measured for thickness, and weighed. The thickness swelling (TS) was determined on the basis of initial oven-dry measurements.
Humidity Tests
Pre-weighed and measured oven-dried specimens (four from each board) were placed in a humidity room at 30% (RH) and 20 • C, and the thickness and weight were determined when they reached equilibrium. The specimens were then placed in humidity room at 90% RH and 20 • C and new measurements were taken when they reached equilibrium. This procedure was repeated for a total of three cycles of 30% to 90% RH. The specimens were then oven dried and their thickness was measured. Changes in thickness were calculated as a percentage of the original thickness of the oven-dry board.
Internal Bond Strength
Internal bond strength (IBS) tests were conducted on specimens (four from each board) to determine if the acetylation had any effect on resin bond strength. The tests were carried out according to EN 319.
Results and Discussion
The thickness swell values (TS) after 24 h immersion in water are summarised in Table 1 . The results revealed that acetylation improved the dimensional stability. The TS values for Acetylated boards 1 and 2 were about 62.5 and 240% lower, respectively, than those of the controls. In a previous study concerning oriented strand board (Oriented Strand Board) from acetylated strands with 11.2% weight gain, a 147% improvement in TS value was reported [39] . Table 1 also reveals that the equilibrium moisture content (EMC) was reduced due to acetylation. Figure 3 depicts the change in thickness at 30% and 90% relative humidity of the boards produced in this study. It is revealed that, at the end of the third cycle, control boards swelled over 27%, while the Acetylated 1 and 2 boards swelled approximately 14% and 6%, respectively. This is in good agreement with the reported results on acetylated OSB [39] .
The IBS values are shown in Table 1 . It is revealed that acetylation caused a significant decrease in IBS. The IBS values for the Acetylated 1 and 2 boards were about 13% and 39% lower than those for the controls. This reduction appears to be higher than values reported in the literature, since acetylation of strands to 20.4% weight gain previously resulted in a 30% decrease in IBS [39] . A similar observation was also made for chemically modified flakeboards and particleboards [40, 41] . This seems to be attributed to the raw material used, since acetylation resulted in poor wetting of the raw material. Failure in control boards was observed in the raw material. On the other hand, in modified boards, failure was mainly due to the resin.
When the data were examined in the light of industry standards, we noted that control boards met the requirements of P1 general purpose boards for use in dry conditions and P2 boards for interior fitment for use in dry conditions. Acetylated 1 boards, on the other hand, did not meet the requirements of P2 criteria. Acetylated 2 boards conformed to the more stringent P3 Non-Load-Bearing-Humid and P4 Load Bearing-Dry criteria as far as the thickness swell value is concerned, since values lower than 17% and 16%, respectively, were achieved. However, the IBS value for Acetylated boards 2 was far below the standards and did not meet the more stringent requirements of P3 Non-Load-Bearing-Humid and P4 Load Bearing-Dry. An option to improve the IBS value is to increase the amount of resin; however, this will increase the production cost. It is concluded, therefore, that sunflower stalks could be an alternative raw material for use in the particleboard industry since the requirements of P1 general purpose boards for use in dry conditions and P2 boards for interior fitment for use in dry conditions are easily satisfied. Acetylation of sunflower stalks greatly improves the TS value but adversely affects the IBS. It is suggested that combinations of industrial wood chips with sunflower raw material may be an avenue for the overall improvement of the performance of the particleboards. 
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